The adsorption of hexachloroplatinic acid on Sn-impregnated γ-alumina support in the presence of the competitive chloride ion, as a step in preparation of multi-metallic Pt-based catalyst (such as Pt-Sn/Al 2 O 3 ), was studied. The transient adsorption data were obtained by studying the impregnation of Sn/Al 2 O 3 with H 2 PtCl 6 in an external recycle packed-bed impregnation system. The effect of important parameters such as pH of the impregnating solution, circulation flow rate, and height/ diameter ratio of support bed on competitive adsorption was studied. It was observed that upon increasing pH and decreasing circulation rate, the rate of Pt adsorption as well as axial non-uniformity along the bed was increased. On the other hand, a time lag was observed in bulk adsorbate concentration in certain runs which was attributed to deviation from well-mixed contacting pattern being necessary for a uniform catalyst product. This could be minimized by increasing the recycling flow rates and using appropriate amounts of competitive ion concentration.
Introduction
Supported catalysts are used in a variety of industrial processes. High surface area, low amount of active component, and high mechanical and thermal stability are some of the advantages of these catalysts [4, 6, 10, 20] . The performance of a catalytic process is intimately related to its catalyst design. In general, a supported catalyst consists of an active component (e.g., a metal or metal oxide) which is deposited on a carrier material such as silica or alumina. The use of different supports causes an obvious change in the distribution of metallic particles and the interfacial character between the metal and the support. It is found that relatively large surface area and uniform pore size distribution of the support are favorable for the dispersion of metallic particles [21] . There are four categories of intra-particle metal profiles: uniform, egg-yolk (the active component is deposited at the support center), egg-shell (the active component layer is concentrated close to the support external surface), and egg-white [17] . The choice of the optimal metal profile in the support is determined by the required activity and selectivity, and by other characteristics of the chemical reactions (kinetics and mass transfer). Egg-shell catalysts are advantageous in the case of fast reactions with strong diffusion restrictions [5] while egg-yolk catalysts are advantageous in the case of reaction restrictions, or intense abrasion, attrition, or poisoning [18] . Uniform and egg-white metal profiles can also be optimal for certain applications [14] . Although catalyst preparation and catalytic processing have been investigated for many years, many aspects of the various catalyst manufacturing steps are still not fully understood, and the design of catalysts in industry is usually based on trial and error.
The deposition of active components on the support by impregnation is an important step in the preparation of supported catalysts. Two techniques can be applied for impregnation via the liquid phase [7] [8] [9] 13] . "Dry" impregnation is employed in the case of weak adsorption strength, using a sufficient volume of precursor solution to fill the total pores of the carrier batch. In "wet" impregnation, which is commonly used in the case of strong adsorption strength, impregnating solution volume is much larger than the support pore volume. The metal compound diffuses from the solution into the carrier particle pores where it is adsorbed. In this case, capillary forces do not participate and the 1 3 distribution of metal in the support is due to diffusion and adsorption.
In preparation of Pt/Al 2 O 3 catalyst, when large alumina particles are impregnated with a solution of hexachloroplatinic acid (CPA, H 2 PtCl 6 ) alone, usually an "egg-shell" profile is achieved because CPA adsorption is so rapid that the diffusion of the solute into the pores controls the rate. By introducing a competitor adsorbate, the platinum tends to penetrate deeper into the interior of the support. Competitors compete with metal ions for being adsorbed on the support surface by adsorption on active sites first and then driving the metal ions to the subsurface layers [19] . Two kinds of competitive adsorbate have been reported. When using a limited amount of polybasic organic acid, i.e., citric or tartaric acid as a competitive agent, a catalyst with an "egg-white" or "egg-yolk" type distribution may be achieved. On the other hand, when acetic, chloro-acetic, nitric, or hydrochloric acid is used, the platinum does not distribute in an "egg-white" or "egg-yolk" type, but tends to form an uniform or broadened "egg-shell" type distribution. The competitor ion, Cl − , influences the acid property, dispersity, and agglomeration of Pt and the interaction between metal and support. It also keeps the Pt particles from sintering and lowers carbon deposition [11] .
The previous studies on the effects of competitive ion were largely focused on intra-particle Pt distribution assuming the uniformity of the product [2, 15, 17] . This is a reasonable assumption in lab-scale works but could not be the case in large-scale catalyst production especially when strong precursor-support interactions do exist. This necessitates considering further preparation parameters such as external mass transfer and flow pattern. The objective of the present research is to investigate the effective parameters in adsorption of metal precursor on the support and in inter-particle metal distribution in wet impregnation of a shaped support. Using an external recycle impregnation system, the effect of pH of impregnating solution, circulation flow rate, and height/ diameter (L/D) ratio of support bed on competitive adsorption was studied. Bimetallic Pt-Sn/Al 2 O 3 catalyst which is used for paraffin dehydrogenation in commercial petrochemical plants is selected as a case study. 
Experimental

Materials
Catalyst preparation procedure
On the γ-alumina support, as the first step, Sn was impregnated using an acidic solution of SnCl 2 and wet impregnation technique in rotary instrument at 40 °C, followed by drying at 120 °C for 12 h and calcination at 530 °C for 2 h in wet air under controlled temperature increments of 5 °C/ min rate.
In a subsequent second step, Pt was impregnated by wet impregnation in a solution containing H 2 PtCl 6 and HCl at 25 °C using a closed-loop flow system. The impregnation set-up consisted of an upward-flow double-wall external recycle quartz reactor, two peristaltic pumps for circulating impregnating solution from the solution vessel into the reactor and an on-line UV-Vis apparatus for kinetic evaluation of platinum adsorption. The space below the support particles bed (30 g, L/D = 3 and 7) was packed with quartz particles (mesh 10) to ensure proper distribution of fluid flow through the bed. The pH value of the impregnating solution was adjusted to a specific value by the addition of HCl (37%). The pH value was measured with Metrohm 744 pH meter. More detailed specification of the set-up can be found elsewhere [17] .
The channeling in the reactor could be neglected as the radial aspect ratio (bed diameter to catalyst particle diameter) was > 15. The axial aspect ratio, i.e., the ratio of catalyst bed length to catalyst particle diameter, was > 30 and hence the dispersion effects can also be neglected [1, 15] .
Metal content analysis
UV-Vis spectra of impregnation solution in the solution vessel were recorded with a PG Instrument T90+ UV-Vis spectrometer. The spectra backgrounds were recorded with both sample and reference cuvettes containing the matrix used to make up the sample.
Platinum concentration in the impregnating solution was determined spectrophotometrically by recycling the solution to a quartz cell and measuring the absorbance at 450 nm against the reagent blank (appropriate amount of HCl in H 2 O). The UV/Vis spectrophotometer was set to record an absorbance spectrum every 120 s, for the duration of the particular experiment. The analyte concentration was calculated from a calibration curve constructed by taking different concentrations of platinum. Two calibration curves were used for measuring platinum concentration in two different ranges [Eqs. (1) and (2)]:
(1)
where y and x are absorbance and concentration, respectively. The process for measuring the chloride concentration was the same as platinum. Reagents to make colorful solution were ammonium iron (II), sulfate dodecahydrate, and mercury (II) thiocyanate. The concentration of chloride in the impregnating solution was determined by recycling the solution to the quartz cell and measuring the absorbance at 563 nm against the reagent blank (appropriate amount of ammonium iron (II) sulfate dodecahydrate and mercury (II) thiocyanate in water). The analyte concentration was calculated from a calibration curve constructed by taking different concentrations of chloride in the presence of reagents. The calibration curve used for the measurement of chloride concentration in the range of 1.12-7.84 (mmol Cl /L solution ) was as Eq. (3): where y and x are absorbance and concentration, respectively.
Results and discussion
Effect of pH of the impregnation solution
The addition of HCl into impregnating solution affects both adsorption and distribution of Pt in catalyst granules through decreasing pH and introducing competitive chloride ion and accordingly their catalytic performance with the latter being a more important factor [16] . As a consequence, either pH or chloride ion concentration can be used to characterize the HCl level, and thus its effect on adsorption process. As platinum is a precious metal, the pH of the impregnating solution must be optimized such that maximum platinum adsorption with uniform distribution is achieved.
In order to investigate the influence of competitor ion, three pH values (1.3, 1.4, and 1.5) were considered for impregnating solution. Figure 1 illustrates the effect of pH on the adsorption of Pt and Cl as a function of time. A higher pH (that is, lower Cl − competitive ion concentration) increased the rate of adsorption and total (~equilibrium) adsorption of Pt on the support was occurred. This can be accounted for by availability of more free adsorption sites for the adsorption of PtCl 6 2− ions from the precursor solution at lower competitor concentrations despite a decrease in positive surface charge by increasing the pH (the iso-electric point of alumina is about 7.0-9.0 [16] ).
The retention of Cl − ion and the relative rate of its adsorption, on the other hand, were decreased with increasing pH (Fig. 1b) which could be due to the competition of more chloride ions for the limited adsorption sites. The concentration of chloride ions decreased with time on stream after passing a maximum at about 20 min of adsorption and then leveled out. It could largely be due to consecutive hydrolysis
of the adsorbed PtCl 6 2− species (Eq. (4) [16] ) rather than desorption of the adsorbed Cl − . It was reported that low pH and high chloride concentration shifts the coordination toward the chloride [12] . Using UV-Vis-diffuse reflectance spectroscopy, Masesen et al. [12] provided evidence for the partial substitution of halide ligands by oxygen-containing ligands when H 2 PtCl 6 interacted with γ-Al 2 O 3 surfaces. So, the chlorine concentration passes through a minimum. On the other hand, the Cl:O ligand ratio of the complex ions in the solution drops as they adsorb on to the support [12] . The final pH value of the impregnating solution is higher than that of the initial solution. The decreasing adsorption with increasing final pH can be explained by the decreasing positive charge density at the Fig. 2a) . At higher pH values of 1.4 and 1.5, in contrast, the adsorption of Cl − was nearly equilibrated when only 20% of the Pt had been absorbed. Over longer adsorption times, the Pt adsorption also approached to equilibrium after which some chloride ion was released into the impregnating solution as noted above. It can be shown that the slope of the curves at any point in Fig. 2 is given by or, where C Pt,0 and C Cl,0 (mol/L) are the initial concentration of CPA and chloride ions, respectively, and r (mol/(kg s)) is the adsorption rate of the respective ions per support weight. According to Table 1 , the initial concentration of chloride competitor ion was one order of magnitude larger than that of CPA. Thus, from Fig. 2a and Table 1 , the initial slope and the initial concentration ratios were 0.84 and 16, respectively, from which the initial rate of adsorption of Cl was ca. 13 times that of CPA at pH 1.3. This could be largely due to the much higher bulk concentration of the former, according to Langmuir adsorption kinetics. The adsorption rate ratios are smaller (ca. 4.5) for initial pH of 1.4 and 1.5 which could be due to decreased competitive adsorption of Cl − at higher pH values. However, with increasing time on stream, the rate of CPA adsorption might become larger than that of Cl despite still much higher chloride ion concentration, which could be attributed to thermodynamic equilibrium limitation for the latter as implied by Fig. 1 .
The criteria used in selection of the appropriate pH value were that a uniform longitudinal color (or no color gradient) along the bed of support was observed after impregnation and platinum was adsorbed at its highest amount. During impregnation, the deep yellow impregnating solution decolorizes while the white support granules turn from creamy yellow to yellow according to the level of Pt precursor adsorbed. As a consequence, the color gradient along the bed can be conveniently used for visual and qualitative monitoring of adsorption performance. Therefore, based upon these criteria:
• pH 1.3 is not appropriate as it resulted in fairly low platinum uptake from impregnating solution ( Table 1 ).
• Although, at pH 1.5 platinum was adsorbed completely, but a uniform bed of catalyst in the impregnation reactor was not obtained after the impregnation was finished. Hence, pH 1.5 is not the suitable choice.
• The optimum pH value is 1.4 at which both maximum platinum adsorption and a uniform bed of catalyst after impregnation were achieved.
It is worth mentioning that with acidic solutions, the spatial adsorption profiles tend to become uniform with time because of re-dispersion of platinum at longer adsorption times.
The effect of impregnation reactor geometry
Given a circulation flow rate and support loading (or a contact time per pass), the velocity of the solution passing support particles, and accordingly mass transfer resistance and deviation from plug flow within the bed, will change with L/D ratio of support bed. In industrial scale, for a packed-bed tower and liquid drum operating at atmospheric pressure, L/D ratio is selected as 3 [3] . In order to investigate the effect of reactor dimension on catalyst synthesis, experiments were performed in fixed-bed vessel with L/D = 3 and L/D = 7 using two different pump flow rates (namely 15 and 40 mL/ min) and at pH 1.4. Ideally, for a given circulation rate, the Pt concentration-time data points should superimpose for different bed aspect ratios. However, as illustrated in Fig. 3 , for reactor with L/D = 3, platinum concentration in solution vessel declined sharply and reached zero faster, although for each circulation flow rate, the nominal weight-times (kg h/L) were the same. However, the ratio of superficial velocities for L/D = 7 to L/D = 3 is (7/3) 2/3 = 1.8 for a given circulation rate. The lower velocity in the later could result in a lower external mass transfer coefficient and also larger deviation from a plug-flow pattern inside the reactor, and thereby a different concentration-time profile.
A careful look at Fig. 3 (and other dynamic adsorption plots) reveals an initial "delay time" after which the Pt precursor concentration of impregnating solution drops rapidly which is an obvious deviation from the well-mixed batch reactor being considered as the ideal one for uniform impregnation. This time corresponds, roughly, to the time required for the first "charge" of impregnating solution slipped the reactor, that is, the reactor holding time considering collectively the void volume between support particles, quartz fillers, and free-volume within the reactor.
This deviation could be minimized by decreasing the characteristic time of mixing (e.g., residence time within the bed) compared to the characteristic time for adsorption (a function of rate constant of adsorption and initial adsorbate concentration). These conditions could be qualitatively achieved by, for example, increasing recycle rate of impregnating solution or by lowering support loading (equivalent to decreasing the residence time) or increasing competitive ion concentration (equivalent to reducing the effective adsorption rate constant), as confirmed by the above experimental results.
It should be pointed out that this delay does not significantly affect the discussion based on Eq. 6, since both adsorbates experience this deviation to the same extent.
Effect of circulation rate
The circulation rate is the parameter by which the residence time of impregnating solution over the support bed in each cycle can be controlled. It also affects the flow pattern within the bed and external mass transfer to support particles. In order to investigate its influence, two values for pump flow rates, that is 15 and 40 mL/min, were selected. The impregnating solution was prepared at pH 1.4. Time dependence of platinum concentration in impregnating solution is shown in Fig. 4 . It illustrates that the concentration of Pt in impregnation solution decreased with increasing the flow rate. The concentration time lag decreased with increasing pump flow rate because the residence time per cycle decreases with circulation rate, resulting in a closer approach to well-mixed behavior, and thus a lower Pt concentration for a given adsorption time.
At low pump flow rate as impregnating solution passed slowly over the catalyst bed, its residence time in impregnation reactor was long. The deepest color in the bed was observed at the entrance zone with the color front progressing with impregnation time. Because of the strong alumina-CPA interaction, the beneath layers of support adsorbed more platinum and its concentration in the impregnating solution rapidly approached zero along the bed. With time and continuous passage of impregnating solution over the catalyst bed and subsequent adsorption and desorption, the platinum re-distributed along the support bed until a more uniform platinum distribution was obtained. The redistribution of Pt is a consequence of equilibrium nature of its adsorption being facilitated in the presence of competitive ions.
When high pump flow rate was used, impregnating solution residence time was short. The color of the bed remained more or less uniform depending on time until equilibrium adsorption being achieved.
Conclusions
The effect of important parameters (such as pH of the impregnation solution, circulation flow rate, and height/ diameter ratio) on competitive impregnation in a recycling fixed-bed impregnation reactor was investigated for Pt-Sn/ Al 2 O 3 catalyst. It was found that appropriate competitive adsorption is necessary to obtain a uniform product. As in the present research, the concentration of the competitive ion is about one order of magnitude larger than CPA, initial adsorption of the former in initial time-on-stream is more, which is reversed at longer times on stream due to thermodynamic equilibrium limitation. By increasing pH and decreasing pump flow rate, rate of adsorption was increased and axial non-uniformity in the bed was enhanced. Uniform support bed was obtained for catalyst synthesis when the performance of the system approached to that of ideal mixed reactor (e.g., at pH 1.4 and 1.5).
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